This study evaluated nine ventilation and filtration systems in an unoccupied 2006 house located 250 m downwind of the I-80 freeway in Sacramento, California. Systems were evaluated for reducing indoor concentrations of outdoor particles in summer and fall/winter, ozone in summer, and particles from stir-fry cooking. Air exchange rate was measured continuously. Energy use was estimated for year-round operation in California. Exhaust ventilation without enhanced filtration provided indoor PM 2.5 that was 70% lower than outdoors. Supply ventilation with MERV13 filtration provided slightly less protection, whereas supply MERV16 filtration reduced PM 2.5 by 97-98% relative to outdoors. Supply filtration systems used little energy but provided no benefits for indoor-generated particles. Systems with MERV13-16 filter in the recirculating heating and cooling unit (FAU) operating continuously or 20 min/h reduced PM 2.5 by 93-98%. Across all systems, removal percentages were higher for ultrafine particles and lower for black carbon, relative to PM 2.5 . Indoor ozone was 3-4% of outdoors for all systems except an electronic air cleaner that produced ozone. Filtration via the FAU or portable filtration units lowered PM 2.5 by 25-75% when operated over the hour following cooking. The energy for year-round operation of FAU filtration with an efficient blower motor was estimated at 600 kWh/year.
| INTRODUCTION
Extensive research links outdoor PM 2. 5 1 and ozone 2 to increased risk of adverse human health outcomes. Black carbon (BC) is an indicator of diesel particulate matter (DPM), which has been associated with adverse health outcomes independently of PM 2.5 mass. 3, 4 Many studies have reported associations between ultrafine particles (UFP, smaller than 100 nm diameter) and health impacts. 5, 6 While a recent expert review found the available evidence on the health effects of ultrafine particles to be inconclusive, 7 significant concerns remain about UFP. and ozone 10 may be removed as outdoor air infiltrates through the building shell. Particles are removed from indoor air through deposition, 11 and ozone is lost through reactions with surfaces, 12 further reducing indoor concentrations relative to those in outdoor air. The net result of these processes yields an infiltration factor 9, 13, 14 that relates indoor to outdoor concentrations of outdoor pollutants.
In-home exposures to outdoor particles and ozone are reduced when homes are air-sealed to reduce uncontrolled infiltration as an energy efficiency measure. Indoor concentrations are reduced because entry is slowed in relation to indoor deposition. There is also evidence that removal rates during infiltration increase as air leakage is reduced. 15 Traditionally, air infiltration provided substantial dilution of indoor-generated pollutants even when windows were closed.
Concerns about increasing exposures to indoor-generated pollutants as homes were air-sealed led to the development of the ASHRAE 62.2 residential ventilation standard 16 and the adoption of mechanical ventilation requirements in building codes in California and some other U.S. states.
Air cleaning and filtration can be integrated into mechanical systems to reduce pollutant concentrations in residences. 17 A highperformance filter in the forced air heating and cooling (HAC) system will remove particles when the system operates for thermal control and can be operated on a timer when no conditioning is needed.
Filtration effectiveness has been investigated through measurement studies in homes [18] [19] [20] [21] [22] [23] and also via simulation studies that tend to focus on population-scale benefits. [24] [25] [26] In this study, filters are characterized by the Minimum Efficiency
Reporting Value (MERV) and determined by the ASHRAE Standard 52.2 test procedure. 27 The standard measures removal in 12 particle size bins then aggregates results in bins of 0.3-1, 1-3, and 3-10 μm diameter particles. Higher MERV filters remove higher percentages of particles. The lowest MERV designation that considers removal of 0.3-1 μm particles is MERV13. The ASHRAE 62.2 standard requires a MERV6 filter for recirculating forced air systems. 28 Stephens and
Siegel have reported filter performance results for particles below the size range of the ASHRAE 52.2 test. 23, 29 Installed filter performance can vary over time, depending on the media and type of charging (if any), the characteristics of the aerosol, the amount of loading, bypass, and other factors. [30] [31] [32] [33] This study aimed to measure the performance of various ventilation and filtration system designs in an uninhabited house with a relatively airtight shell and a central forced air heating/cooling system as representative of modern construction. Systems were operated over multiday periods in two California seasons: very warm to hot conditions in summer and locally cool to cold in fall/winter. This study focuses on performance of the systems for outdoor PM 2.5 , UFP, BC, and ozone and for indoor-generated particles from a scripted cooking procedure. Performance results for VOCs and additional analyses are included in the final project report. 34 
| MATERIALS AND METHODS

| Overview
Systems of ventilation and filtration components were evaluated for pollutant removal and energy performance in an unoccupied house in Sacramento, California. The systems included variations in ventilation approach, filtration location, and filtration quality. Two sets of air pollutant analyzers were configured to continuously measure sizeresolved indoor and outdoor concentrations of particles from 6 nm to 2.5 μm diameter, black carbon, and ozone. PM 2.5 mass was estimated from size-resolved particle number concentrations. Data from the two monitoring apparatuses were analyzed to obtain continuous time series of indoor and outdoor concentrations, from which 24 h and 1 h running means were calculated. Indoor/outdoor (IO) ratios and percent reductions of indoors relative to outdoors were calculated.
Systems were evaluated for indoor particle removal using a scripted cooking event. Energy impacts were estimated from measurements and rated power consumption of components and estimates of system runtime.
| Test house and mechanical systems
Experiments were conducted in a 2006-built, 106.7 m 2 (1148 ft 2 ), Nine systems combining mechanical ventilation and air cleaning components were installed for evaluation. They are described in Table 1 , and schematics are provided in Figure 2 . The system selection process and details about system components are provided in the Appendix S1. Selected systems included variations for each major component: (i) exhaust, supply and balanced ventilation; (ii) enhanced particle removal using MERV8, MERV13, MERV16, or HEPA filters or an electrostatic precipitator (ESP); (iii) VOC removal using activated carbon, a chemisorbent, and a catalyst technology; (iv) supply and balanced ventilation provided via the FAU or separate ductwork. A
Practical Implications
• This study quantitatively demonstrates the potential for advanced filtration to reduce in-home exposures to outdoor air pollutants through engineered systems. It also demonstrates that high-quality filtration is required on supply ventilation systems to achieve the same reductions in outdoor particles as exhaust ventilation in a moderately airtight home. Results from this work should help inform the setting of filtration requirements for high-performance home standards and building codes.
system with continuous exhaust ventilation and no enhanced filtration was designated as the Reference owing to its common use in
California.
Systems were installed to enable quick switching for sequential operation during each season. The existing forced air heating and cooling system (FAU) was retained, and ducting was modified to incorporate all system architectures. High-quality dampers established the flow paths show in Figure 2 . Testing confirmed low leakage rates.
Supply and return register locations are shown in Figure 1 . Most of the equipment was in the attic. The blending unit for System C was installed in the central hall closet, and the HRV was installed in the garage. Supply ventilation air intakes were connected to a gable vent below the outdoor particle inlet (Fig. S1 ).
An Ecobee Smart SI Thermostat was installed to provide remote access and set with the schedule assumed in the Title Residential Alternative Calculation Method (Appendix S1).
Airflow and power consumption were measured for each airmoving component, and power consumption was measured for the ESP of System B. Methods and results of these measurements are provided in the Appendix S1.
As pollutants inside the house were measured at only one location, from the master bedroom to the great room. This also moved heat generated by the instruments to other parts of the house. The effect of mixing fans on particle removal rates in the home was not determined. Installed as minimal protection for the furnace and coiling coils; not intended for removal of health relevant particles.
c Envelope can remove particles as air infiltrates to replace air being removed by the exhaust ventilation system; particle removal rates in building envelopes vary. The mini-split fan ran continuously on low speed to provide low pressure drop filtration and operated at higher speeds as needed for thermal conditioning.
During all monitoring periods, blinds in all the windows and doors were angled to minimize incoming sunlight.
| Environmental, air pollutant, and equipment monitoring
Wind speed and direction were measured with an anemometer (containing Met One 010C and 020C sensors) mounted above the roofline, The air exchange rate was measured by continuous release and time-resolved measurement of sulfur hexafluoride (SF 6 ). Details are provided in the Appendix S1. 
F I G U R E 2 System schematics
| Experiments to determine performance for indoor-generated particles
Performance for indoor-generated particles was assessed using a scripted cooking activity that generated particles from the ultrafine mode (<100 nm) to >1 μm. The activity involved stir-frying of string beans with oil, in a wok, over high heat for about 5 min. were tracked for 80-90 min after cooking started. SF 6 was injected just before cooking to track outdoor air exchange during each experiment. 
| Data processing and analysis
Size-resolved particle concentrations were used to estimate mass concentrations following the approach of Sioutas et al., 37 which was applied in field studies in Pittsburgh 38 and Los Angeles. 39 Our application used the following assumptions: (i) all particles were spherical; (ii) the mass mean diameter within each size bin was the midpoint diameter of the bin, and (iii) all particles had the same seasonally dependent density. Based on the first assumption, the volume of an individual particle was taken as V p =4/3π(d/2) 3 where d is particle diameter. Based on the second assumption, the total volume of the n i particles within bin i was calculated as V bin =n i *V p,i . Volume estimates were converted to mass using the seasonally dependent densities of 2.16 g cm −3 for winter and 1.43 g cm −3 for summer, as reported in e BC based on 4 days of data; 5th day was outlier (>3σ from mean).
as described in Section S.1.12 of the Appendix S1. These data were used to calculate running means for time windows of 1, 8, and 24 h.
As the home was unoccupied, system effectiveness for outdoor pollutants is indicated by the indoor to outdoor (IO) concentration ratio and as the percent reduction in indoor relative to coincident outdoor concentrations, calculated as 1-IO. Summary statistics were calculated for each diurnal interval and each monitoring period. Diurnal intervals were set to begin and end in the troughs of the outdoor particle profiles. Effectiveness for outdoor peaks was calculated by first identifying the highest 1-h outdoor concentration each day, then finding the highest 1-h indoor peak within the next 4 h and taking the IO ratio.
Performance for indoor-generated particles is presented as the reduction in time-integrated concentration when a system operated compared to the concentration with no system operation. To calculate this parameter, we used first-order decay rates determined for each particle size bin over 15-min intervals after each cooking event because the decay rates in many cases changed over time. For intervals interrupted by a change of state (e.g., FAU turned on), shorter sections of data were used. The "as-tested" performance for each system was calculated as the reduction in time-integrated concentration over the first hour following the peak from cooking. To account for variability in emissions from the scripted cooking event, 36 we calculated the reduction using the fitted decay rates for each system state of operation along with the actual operating schedule. The time-integrated concentration for the reference condition was based on the observed decay with no FAU operation. Potential reductions were calculated for each system assuming continuous operation and applying the fitted decay rates over a full hour of operation.
| Estimation of annual energy use
There is an energy cost to operating mechanical systems for ventilation and pollutant removal. We estimated the fan and air cleaner energy requirements for system to be deployed in California, including (i) extra hours of FAU operation for filtration and/or supply ventilation (but not the energy required for thermal conditioning), (ii) changes in fan power as airflow resistance increases, and (iii) operation of air cleaning devices including the ESP of System B and the HEPA + Activated Carbon unit of System G. We calculated incremental energy as the product of runtime and power draw for each system component. Details are provided in the Appendix S1.
| RESULTS AND DISCUSSION
| Performance for outdoor particles
Tables S7 and S8 provide summary statistics for outdoor conditions during each of the assessment periods for outdoor particles. PM 2.5 levels generally were higher in fall/winter than summer, although there was substantial variability in each season.
Examples of the processed data analyzed to assess performance for outdoor particles are presented in Figures 3 and 4 . These plots show outdoor and indoor time series of PM 2.5 estimated from size-resolved particle counts, as described above. During both periods, outdoor concentrations varied by an order of magnitude with a diurnal pattern of peaks around midnight. Indoor concentrations followed outdoors with a delay of several hours and at substantially lower levels owing to particle losses during infiltration and from indoor deposition. There were large differences between the systems, with 24-h indoor/outdoor (IO) ratios of 0.3-0.5 for System A and 0.04-0.06 for System F. Plots for all particle size bins during all assessment periods are included in appendices to the final project report at www.
arb.ca.gov/research.
Effectiveness at reducing in-home concentrations of outdoor particles is indicated by the 24-h average IO ratios for estimated Nov F I G U R E 4 Estimated PM 2.5 concentration calculated from sizeresolved particle number concentrations during operation of System F (exhaust ventilation and MERV13 filtration on a mini-split heat pump operating continuously at low speed), November 4-11, 2014 . See caption of Figure 3 for description of data plotted , respectively, and the IO ratios were 0.33 and 0.30 on these days. The next-best system was E, with MERV13 filtration through the FAU operating intermittently with a fan timer. System G, with supply ventilation and a HEPA bypass on the FAU return operating intermittently with timer, performed similarly to the Reference for UFP, but showed F I G U R E 5 Running 24-h mean indoor/ outdoor ratios for black carbon, estimated PM 2.5 , and ultrafine particles (6-100 nm) for systems operating over multiday periods in fall/winter (FW) and summer (SU). The Reference was assessed over two distinct periods in SU. For Systems E and A, the right bar in FW presents results for operation with tape around the filter to ensure no bypass and the left bar represents the standard weeklong assessment period. Bars present the interquartile range (IQ), and whiskers are 1.5× the IQ. Table S10 provides the days of data for each system and season similarly to System F when the portables operated continuously on medium setting. When operated on automatic setting, performance was similar to System E for UFP, PM 2.5, and BC. 
| Performance for indoor-generated (cooking) particles
Example data from a cooking experiment are provided in Figs S10 and
S11.
Summary results for cooking particle removal are provided in Figure 6 , which presents the reduction in time-integrated PM 2.5 relative to the baseline condition of no FAU operation. An analogous plot of UFP results is provided as Appendix Fig. S.12 . The "as-tested" performance of System A is expected to be the same as the Reference (within experimental error) because it has no recirculation filtration.
And the recirculation flow through System C (for tempering) is too small to provide noticeable benefit. Systems D, E, and G all provide moderate improvements over the Reference system. A much larger benefit was observed for System F and for the Portables, which operated continuously for the hour after cooking. As-tested results represent a minimum benefit because intermittent systems operated only at the end of the hour. For the first 40 min, intermittent systems were identical to the Reference. E, and G provide large reductions for the indoor-generated particles.
| Performance for ozone
Example ozone data are provided in Fig. S13 . Summary results for measured concentrations and system performance for ozone during summer are presented in Table 3 . Performance was similar for all systems other than System B, which had substantially higher IO ratios and thus a lower protection factor. The IO ratios of 0.03-0.04 for the highest daily 8 and 1 h concentrations for the Reference and Systems C and D are calculated using mean indoor concentrations below the nominal single measurement quantitation limit. Only System B had indoor daily high concentrations mostly above the QL. The higher IO ratios for System B result from ozone production in the ESP, as shown in Fig. S14 . Ozone production by an ESP has been reported previously. We do not provide a quantitative estimate the incremental energy requirement of System F because the mini-spilt heat pump cannot be assumed to have the same base operation schedule as the conventional FAU. As mini-splits operate at varying capacity over many more hours in both heating and cooling seasons, there would be less operation expressly for the purpose of filtration. As these devices are also more efficient at part-load, the incremental energy required for System F is likely to be much less than for D and E, that is, <600 kWh/y.
Results for the Reference system include the FAU fan energy re- 
| Considerations for low energy homes
Many new homes in California and elsewhere are tighter than the test house, 42 and high performance home standards require even tighter construction. With less air entering via infiltration, ventilation design (exhaust vs supply/balanced) and the quality of supply filtration will have a larger impact on indoor concentrations of outdoor particles.
There is evidence that tighter homes have lower penetration rates for submicron particles. 15 Results for System A in this study suggest that a MERV13 or better filter is needed on supply ventilation to avoid increasing in-home levels of outdoor particles relative to exhaust ventilation for a moderately airtight home.
Changes to heating and cooling (HAC) equipment designs and operation in energy efficient homes will impact the costs and benefits of central FAU filtration. An increase in the availability and use of multistage, variable output HAC equipment that also has sophisticated controls could lead to more opportunities to modulate and manage filtration airflow for lower energy operation.
| Caveats and other considerations
There are several important caveats to the results presented in this study. The first is that all filters were installed and used without preconditioning or pre-loading. Even accounting for the higher loading rate associated with 20/60 or continuous operation, filters were used over short durations relative to recommended service lifetimes in residences. Except for the filter on the mini-split unit (System F), all filters were replaced at the start of each season. Results thus reflect performance of filters that were used for <3 weeks total runtime. There were no obvious indications-such as dramatic shifts in IO ratios-that any of the filters saw sharp performance degradations that can occur as charged media filters load or performance enhancements that can occur as fiberglass media filters load.
30-33
The second caveat is that there is variability in the performance of filters with any given MERV designation. It is therefore possible that different filters with the same MERV designations would have produced different results for one or more of the systems.
Conditions in the test house differed from occupied homes in ways that could bias particle deposition and affect IO ratios. The lack of furnishings and much lower surface to volume ratios in the test house reduced particle deposition rates relative to an inhabited home, while Ref=Reference, exhaust ventilation with no enhanced filtration. B has supply ventilation with MERV13 filtration and electrostatic precipitator on FAU return controlled by thermostat. C has MERV16 filtration on a blended supply ventilation system. D has supply ventilation with MERV8 filter and MERV16 filtration on the FAU operating on a 20/60 cycle. G has an HRV with MERV8 filter on the supply and a bypass with HEPA filtration on the FAU. the higher air velocities from the mixing fans pushed deposition rates higher.
43
As with all experimental studies, results of this study are based on a limited set of conditions. The test house FAU and the local outdoor air pollution are relevant to many homes throughout California.
Assessment during both summer and fall/winter provides results for outdoor pollutant mixes with distinctly different characteristics and patterns. Scripted cooking experiments were included to raise the issue that filtration can be used to protect occupants from indoorgenerated particles in addition to those from outdoors; however, effectiveness for the cooking particles should not be construed as predictive of performance for all indoor aerosols. climate, but the lack of coincident density data is a potential source of error.
| CONCLUSIONS
Results indicate that houses with moderately airtight shells and continuous exhaust ventilation provide substantial protection from outdoor PM 2.5 , UFP, BC, and ozone, even without enhanced filtration. To achieve, a roughly similar level of protection with supply ventilation requires MERV13 filtration or better. In-home concentrations of outdoor particles can be reduced to <10% of outdoors using MERV13 filtration on a timer-controlled FAU and exhaust ventilation, and to <4% using MERV16 filtration either inline with supply ventilation or on the FAU with timer if using exhaust ventilation. Supply filtration is an energy efficient approach to addressing outdoor pollutants but does nothing for indoor-generated pollutants. The lowest energy solution for reducing in-home exposures to both outdoor-and indoor-origin particles is MERV13 (or better) filtration on an FAU with efficient fan motor or efficient portable air cleaners, with exhaust ventilation.
